Study Design. Porcine and human cervical spine specimens were in vitro biomechanically compared with different instrumentation techniques.
Biomechanical in vitro studies should be performed before new implants are used in clinical practice to prove that they are superior or at least comparable to already established implant systems. For such tests, human cadaveric specimens seem to be preferable; however, some disadvantages follow the use of a human model, e.g., restricted availability, wide range of interindividual properties, mainly the age that contributes to different biomechanical properties like range of motion (ROM), 1 bone mineral density (BMD), grade of degenerative changes, or mechanical properties of tissues. This makes a standardized testing difficult and complicates the comparison of results from different studies. These disadvantages of human specimens force a search for alternative models. Physical models have therefore been suggested, such as the "missing-vertebra" 2 model where the anatomic similarity is abandoned at the expense of reproducibility and standardization. Normally, they are used for pure material testing. Animal models for in vitro experimental use, mainly calf [3] [4] [5] [6] [7] and porcine, 8 -18 are used frequently for in vitro tests, whereas sheep models are mainly for in vivo use. 19 -34 These models are a compromise between anatomic similarity, homogeneity, and reproducibility. Basic studies about the suitability for calf, 35, 36 sheep, [37] [38] [39] and even baboon 40, 41 spines exist, whereas they are rare for porcine. Yingling et al 42 stated that cervical porcine spines may be useful for studies about human lumbar injury mechanics. Grubb et al 15 used a test setup with parallel testing of human and porcine cervical specimens for anterior plates, with comparable results. The purpose of this study was to compare human and porcine cervical spines with different instrumentations to provide data about the suitability of porcine cervical spines for biomechanical in vitro implant testing.
Materials and Methods
Six human cadaveric specimens, 2 male and 4 female, average age 80 years (age range, 66 -92 years), consisting of C2 to at From the *Department of Orthopedics and SCI, and †Department of Orthopedic Research and Biomechanics, University of Ulm, Ulm, Germany.
least T1 or T2 as obtained and 6 porcine spines from C2 to T1, age of all specimens about 6 months, weight between 80 and 100 kg, were used. The porcine were a hybrid from Deutsche Landrasse (motherrace) and Piétrain pig (fatherrace). The specimens were examined and plain radiographs were taken to exclude soft tissue or bone damage and then stored frozen at Ϫ20C in triple-sealed plastic bags. After thawing, the muscle tissue was carefully removed and all the ligaments and bony structures were preserved. To prevent dehydration, the specimens were kept moist with saline solution. Handling specimens in the above-described manner does not affect their biomechanical properties. 43, 44 BMD was measured in the vertebral body and pedicle of C4 and C6 by quantitative computed tomography after calibration of the CT (XCT 960, Stratec GmbH, Birkenfeld, Germany) with a standardized phantom. A constant ratio of 45% of the inner vertebral or pedicle area was defined as trabecular bone. The BMD was obtained in 1-mm-thick slices and reported in mg/cm 3 . The cranial and caudal vertebrae were embedded in polymethylmethacrylate (Technovit 3040, Heraeus Kulzer GmbH, Wehrheim, Germany). To obtain a better anchorage of the vertebrae in the polymethylmethacrylate, short screws were partially driven into the vertebrae before embedding. Screws were inserted in the vertebrae C4 and C6 to fix the motion analysis system to the specimen, with regard to the screw trajectory for the pedicle screws.
The corpectomy model was chosen because it is widely used for spinal implant testing with human spines. 9, 14, 45, 46 It offers a high-grade instability and good reproducibility and can be used for many different implant types. The segment C5-C6 is often involved in trauma or degenerative changes and is considered to have the largest ROM, 1 and the corpectomy of C5 was therefore selected.
The corpectomy C5 was perfomed using rongeurs and a high-speed air drill. The posterior longitudinal ligament was preserved. The corpectomy was at least 15 mm wide for human specimens and 20 mm for porcine specimens. After decompression, the cranial and caudal endplate was prepared to accommodate the cage with the force sensor.
To achieve a good overview of the biomechanical properties of cervical porcine spines, we tested several implants: 1) a posterior screw and rod system; a) with lateral mass screws, b) with pedicle screws; 2) anterior plating; and 3) a combination of anterior plating and a posterior screw and rod system (360°i nstrumentation). The spinal implants consisted of a posterior screw and rod system (Neon occipito-cervical system) with 4.0-mm cannulated lateral mass and pedicle screws and a 4.5-mm rod as well as an anterior plate (Osmium). All implants were provided from Ulrich Medizintechnik, Ulm, Germany.
In addition, we monitored the forces in the corporectomy gap by a force sensor. The force sensor consisted of a miniature load cell (Miniatur-Druckkraftsensor Typ 8413, Burster Prä zisionsmesstechnik, Gernsbach, Germany) capable of measuring axial compressive forces in a range between 0 and 500 N. The load cell was mounted in a specially modified cage on the basis of a routinely used cage (ADD, Ulrich Medizintechnik, Ulm, Germany) with a pin in the upper cap of the cage, which fitted into a suitable groove in the lower cage part (Figure 1 ). This constrained rotational movements and tipping of the cap, therefore preventing rotational forces. Spikes at the superior and inferior end prevented the cage from slipping. The cage was adaptable to the desired graft height by the use of two stainless steel tubes with different lengths and a continuously adjustable screw thread at the lower end of the cage. The force sensor was adjusted to 40 N preload while the specimen was mounted in the spine tester with unconstrained movement of the specimen in all directions. Thereby each specimen could adopt its own neutral position.
The specimens were mounted in a previously described spine tester, 47 where the caudal vertebrae were rigidly fixed in the testing apparatus and the cranial vertebra (C2) was fixed in a cardan joint containing integrated stepper motors that could introduce pure moments separatly around three axes. The other 5 of 6 degrees of freedom were free, enabling the specimens to move unconstrained. The segmental motion between C4 -C6 was measured by a high-resolution, noncontacting ultrasound motion analysis system (Zebris, Isny, Germany, resolution 0.06°). Nondestructive loads were applied as pure moments in alternating sequences for right/left lateral bending (ϮMx), flexion-extension (ϮMy), and right/left axial rotation (ϮMz). The tests were performed with Ϯ 2.5 Nm for all directions. To precondition the specimens and to minimize viscoelastic effects, they were tested with 3 cycles and the data of the third cycle were evaluated. 48 The ROM of the segment was determined for each direction of loading. ROM was defined as the angular deformation at maximum load. The obtained values were rounded to one decimal place, to account for the resolution of 0.06°of the motion analysis system. The spinal implants were tested according to the recommendations for the standardzation of in vitro stability testing of spinal implants. 49 The sample size was small and not distributed normally. Thus, we determined the median, instead of the average for ROM and BMD. For the BMD, we also determined the range between the minimal and maximal values in relation to the median, although the distribution of minimal and maximal values was not symmetric, to ease the interpretation.
Results
Generally 10% to 30% higher BMD values occurred for the porcine specimens with overall narrower distribution of the BMD values ( Table 1 ). The median BMD increases from cranial to caudal and achieves highest values in the pedicles for both species.
For lateral bending, the greatest motion occurred for both species separately in the intact state, with a notice- able difference in magnitude for the porcine spines (Figure 2) . The porcine spines showed intact a larger spreading of the individual minimal and maximal value. The cage had higher values in the porcine group. Lateral mass screws (LMS), pedicle screws (PDS), and the 360°instru-mentations had comparable values with only slight distinctions. The anterior plate (ANP) had for both species lower values than the cage and higher values than the other instrumentations, but the spreading of the values and the median was higher for the human group.
In flexion-extension (Figure 3 ), the intact values were similar with a median of 20.4°for the human spines compared with 22.4°for the porcine specimens. Again followed by the cage, with comparable results for both species. The LMS, PDS, 360°, and the ANP had higher values and a larger spreading in the human group. The porcine specimens showed only small spreading, especially when regarding the range where 50% of the values are contained (white box in Figure 3) . The values for LMS, PDS, and 360°were similar for the porcine spines, whereas a lower median ROM for the 360°was found in the human group.
In axial rotation (Figure 4) , the intact values were distinct, with definite smaller values for the porcine spines and consequential larger ROM for the cage compared with the intact state in the porcine group. These two instrumentations were again followed by the anterior plate, whereby the median value for the ANP was smaller in the porcine group. The spreading for the anterior plate was for the middle 50% (white box in Figure  4 ) comparable, only the maximal and minmal values showed a larger spreading for the human group. The values for the LMS and 360°were comparable, with smaller spreading for the porcine cadavers. For the PDS, the porcine showed higher values and a larger spreading than the human specimens.
A qualitative consistent trend for the median axial loads of the force sensor in the corpectomy gap was observed for both species ( Figure 5 ).
Discussion
Although the human spine is the "gold-standard" for implant testing, a lot of disadvantages have to be dealt with. Especially, availability and homogeneity of the specimens should be kept in mind. Generally, in our opinion only three species are reasonable as substitutes for implant testing concerning availability and measurement: calf, sheep, and porcine.
Regarding availability and costs, the here used porcine spines are advantageous in comparison with human spines. They are easily available from local slaughterhouses, show great homogenity for age (usually they are all about 6 months) and weight (about 80 -100 kg), and are in a controlled state of health. The differences between the genders is small because these slaughter porcines are castrated shortly (usually within the first week) after birth. Additionally, the young age probably shortens the influence of the gender. On the other hand, there is some vagueness about the behavior of a growing organism, especially for the impact of the growth plate. In this cartilaginous plate, which separates the endplate and the vertebral body (Figures 6, 7) , ossification starts in the center and not as an anular ring apophysis as in hu- mans. 50 In our specimen, the growth plate was still unfused ( Figure 7) ; and although the instrumentations did not primarily interfere with the growth plate and no macroscopic damage occurred, the effect on the biomechanical properties of the porcine specimens is unpredictable.
Concerning the anatomy, a relevant issue is difference in size, which is important for the used implants and screw lengths. The porcine shows advantages against calf and sheep, as the calf shows generally larger differences in size, whereas the sheep has the largest differences in comparison with humans for the vertebral body height in the cervical spine 39 ( Figure 6 ). However, differences also occur for the porcine. The vertebral body height is larger for the porcine, which results in a larger corpectomy size (median corpectomy height of 3.2 cm for porcine, 2.5 cm for human) as well as the endplate width (median corpectomy width of 2.1 cm for porcine, 1.6 cm for human, data of this study) and depth and the pedicle width (Wilke et al, preliminary data for porcine spines). 42, 51, 52 For the pedicle height, there is still a lack of consistent information, but probably the porcine pedicles are also larger than human.
The facet joint orientation is different in both, the sagittal and transverse orientation, with greater angles for the porcine spines. 42, 53 The facet orientation determines the pattern of motion 54 and enables the segment to resist to torsional loading. 42 Biomechanically, this can be seen in our study by the difference of the ROM for the intact state in axial rotation (Figure 4) . The porcine spines also lack uncinate processes and uncovertebral joints, which are thought, among other things, to limit lateral bending. 1 This could be one reason for the inverted biomechanical behavior in lateral bending (Figure  2) , where the human spines showed a smaller ROM in the intact state. Functionally, it is reasonable because the quadruped porcine needs to flex laterally to look backward, in contrast to the biped human, which has to rotate. 54 The impressing anterolaterally directed processes of the porcine spines seem to have no significant biomechanical role. 17 Tissue property differences, especially for bone and ligaments, were rarely object of studies. Aerssens et al found significant interspecies differences when studying several parameters of trabecular and cortical bone in seven species, including human and pig. Sikoryn and Hukins 56 saw similarity between human and pig lumbar ligamentum flavum, although they could not exclude that the human ligamentum flavum may be stiffer than the pig one. Jiang et al 57 found in the thoracic pig and human spine the supraspinous and interspinous ligaments similar, but less thick and tough in pig spines. Because of the lack of information, which still exists in these questions, it is difficult to exactly name differences and even more difficult to objectify their influence for the biomechanical behavior.
The BMD in our study showed a more homogeneous distribution for the porcine spines, with generally higher values ( Table 1 ). The more varying BMD and the generall lower values in the vertebra for the human group could have led to a lower screw tightening with consequential higher ROM values. Especially, the anterior plate is mainly dependent on the bone stock of the vertebra. This could explain the consistent higher ROM values and larger spreading of values for the anterior plate in all motion directions in the human group. As we did not monitor the screw torque quantitatively, we can only report that the subjective screw torque was higher and more constant for the porcine group. In further studies, it would therefore be of importance to determine the screw torque quantitatively to demonstrate this observation.
The BMD values for the pedicles in both species were generally higher, which could have resulted in a more consistent stability of the posterior instrumentations, leading to the smaller discrepancy for the LMS, PDS, and 360°instrumentations between the human and porcine group. Still, the difference leads to higher values and a larger spreading in the human cadavers. An exception was the pedicle screws in lateral bending and axial rotation where lower ROM values were found in the human group. The pedicles converged for both species to the front in a transverse plane, but the pedicle inclination is smaller for the porcine cervical spine in the transversal plane (Figure 8) , resembling more the human thoracic spine. Quantitative data for pedicle inclination in human cervical spines exist 52, 58 but are still missing for porcine cervical spines. A higher pedicle angle, which means more converging of the screws, enhances stability, 59, 60 thereby leading to a higher rotational stability for the human spines.
The force sensor median curves ( Figure 5) show a consistent trend, with a higher homogeneity of the single curve for the porcine spines, which is indicated by a more smooth median curve progression. The kinematic for the different implants is consistent with studies by Foley et al 61 and Wang et al, 62 although we did not find the excessive loads of more than 200 N as Foley et al 61 did. The similarity of the kinematic behavior and thereby the similarity of load acting on the instrumentations for human and porcine cervical spines can reinforce the use of cervical porcine spines for in vitro tests.
The ROM under the instrumentations showed mostly a smaller spreading for the porcine group. This could be in consequence of the more homogeneous properties of the porcine spines, which could only be indirectly measured for the BMD, as data, e.g., for the stiffness of ligaments or the biomechanical influence of bone composition, are either missing or fragmentary. As spinal instrumentation evaluation models should show a high consistency of the specimen to enable reproducible results, this seems to a certain degree even out anatomic differences. Interesting is also that the uninstrumented porcine spine seems to show a comparable or even larger variability in flexibility when compared with human spines (Figures 2-4) . The disadvantage of missing human variability in a sole animal model 2 concerning the flexibility thereby may be reduced and still more homogeneous results can be obtained.
Some major drawbacks follow the use of porcine cervical specimens. Sufficient biomechanical similarity between the two species exists only for flexion-extension. If lateral bending or axial rotation is evaluated, significant differences in the ROM for the intact state and with pedicle screw devices occur and complicate or eliminate comparison of the obtained results. Furthermore, only the subaxial porcine spine can be used, as the upper cervical spine seems from the gross anatomic differences not to be suitable. The impact of the growth plate and other anatomic and biomechanical differences, which cannot be exactly determined, as for other animal models, are also to be kept in mind. Whether these disadvantages are balanced to a certain degree by the similarity in flexionextension, easy availability, costs, and homogeneity of specimens have to be determined for every specific test protocol. If the mentioned limitations are considered, the porcine subaxial cervical spine can be an option for implant testing. Nevertheless, results obtained in vitro should be verified by clinical studies.
Key Points
• Porcine and human cervical spine specimens showed a similar trend in stability for different instrumentation techniques and similar occurring axial loads in flexion-extension.
• For lateral bending and axial rotation, marked differences for the intact state and pedicle screw instrumentations occurred.
• Porcine cervical spine specimens have the advantage of easy availability, low cost, and homogeneous properties for age, weight, and bone mineral density.
• Porcine specimens show predominantly a smaller range of the range of motion values.
